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Abstract 
Structural analysis of self-catalyzed GaAs nanowires (NWs) grown on lithography-free oxide patterns is 
described with insight on their growth kinetics. Statistical analysis of templates and NWs in different phases 
of the growth reveals extremely high dimensional uniformity due to a combination of uniform nucleation 
sites, lack of secondary nucleation of NWs, and self-regulated growth under the effect of nucleation 
antibunching. Consequently, we observed the first evidence of sub-Poissonian GaAs NW length distributions. 
The high phase purity of the NWs is demonstrated using complementary transmission electron microscopy 
(TEM) and high-resolution x-ray diffractometry (HR-XRD). It is also shown that, while NWs are to large extent 
defect-free with up to 2 µm long twin-free zincblende segments, low temperature micro-photoluminescence 
spectroscopy reveals that the proportion of structurally disordered sections can be detected from their 
spectral properties.  
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Introduction 
Semiconductor nanowires (NWs) offer versatile possibilities for realization of future electronic and photonic 
devices. For example, owing to their small footprint one-dimensional NWs enable integration of highly 
lattice- or thermally- mismatched materials on dissimilar substrates [1]. Combination of the excellent optical 
and electronic properties of III-V semiconductors and the low cost Si platform is technologically very 
tempting. The development of NW based technologies has already led to integration of III-V NW based lasers 
[2,3] and light emitting diodes [4,5] on Si. Furthermore, the large absorption cross-section of NWs can be 
exploited by NW solar cells [6,7] or NWs can be used as building blocks for high mobility transistors [8,9] and 
single-photon emitters [10,11]. To this end, it is important to minimize the crystal defects such as polytypism 
and stacking faults which could affect the device performance. For example, zincblende (ZB) – wurtzite (WZ) 
interfaces in GaAs NWs have type II band alignment which causes carrier localization along the NW axis and 
localized recombination at the interfaces [12,13]. Many applications also require homogeneous NW arrays 
with narrow size distributions as the NW dimensions significantly affect their optical properties [14,15] and 
cause difficulties in device fabrication.  
Self-catalyzed NWs are often grown via self-assembled method on porous SiOx or native oxide covered 
wafers. Disadvantages of this method include coupling of the NW nucleation and growth conditions as well 
as variations in nucleation time for different NWs, which significantly broadens their size distribution [16,17]. 
Furthermore, the wafer-to-wafer variations and nonuniformity of the oxide properties lead to reproducibility 
issues in the NW growth [18]. Homogeneous NW arrays may be obtained by selective area growth in an array 
of holes in SiOx-layer formed using  for instance nanoimprint [19] or electron beam lithography [14,20]. 
However, lithographical techniques require rather complex substrate preparation procedure while exposing 
it to various chemicals [19]. To mitigate these issues, we have recently introduced a lithography-free droplet-
epitaxy-based method for making Si/SiOx patterns that allow self-catalyzed growth of highly uniform GaAs 
NWs [21]. In this letter, we provide detailed insight of the growth process of these NWs based on statistical 
analysis of feature sizes at different stages of the template fabrication and NW growth. The NW 
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microstructure is then assessed by complementary high-resolution transmission electron microscopy (HR-
TEM) and high-resolution x-ray diffraction (HR-XRD) techniques. Furthermore, we investigate the correlation 
between the structural defects and optical properties and show that the proportion of structurally disordered 
sections in mostly defect-free NWs increases the fine structure in the low temperature micro-
photoluminescence spectra. 
Experimental 
Self-catalyzed GaAs NWs were grown on lithography-free oxide patterns using molecular beam epitaxy 
(MBE). The growth method initiated with droplet epitaxy (DE) of GaAs nanocrystals on oxide-free p-type 
Si(111) substrates. The native oxide covering the substrates was removed by a dip in aqueous solution of 
hydrofluoric acid. After the oxide removal, the substrates were immediately transferred to the MBE-reactor 
and degassed at 640 oC prior to Ga droplet formation at 545 oC by deposition of 0.7 monolayers (ML) of Ga 
with 0.1 ML/s growth rate calibrated for planar GaAs growth on GaAs(001). The droplets were then 
crystallized into GaAs by exposing them to As2-flux for 10 min. Subsequently, the templates were removed 
from the MBE chamber and exposed to air for 18 hours in order to form a thin oxide layer on the Si surface. 
During this time the nanocrystal density and diameter were characterized by scanning electron microscopy 
(SEM).  The NWs were grown in the second growth step which started with a 30 min thermal annealing at 
655 oC for desorbing the GaAs nanocrystals, thus forming a template composed of oxide-free holes on 
otherwise SiOx-covered Si(111)-surface, which act as nucleation sites for the subsequent NW growth. Further 
details of the template properties and fabrication process can be found in [21]. A 60 s Ga pre-deposition at 
640 oC with Ga flux corresponding to 0.3 MLs-1 was performed prior to the NW growth. The NW growth was 
then initiated in the same substrate temperature by providing an As2 flux with V/III ratio of 9. Four samples 
were grown with NW growth durations 60, 40, 20 and 5 min, referred as NW1, NW2, NW3, and NW4, 
respectively. The GaAs nanocrystal densities of the templates used for NW growth were 2×108 cm-2. In sample 
NW1 the growth was terminated by shutting the As2 and Ga fluxes simultaneously, thus preserving the Ga 
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catalyst droplets, whereas samples NW2, NW3, and NW4 were exposed to As2-flux during the sample cool-
down thus crystallizing the Ga catalyst droplets.  
The crystal structure of the NWs in samples NW1 and NW2 was studied using HR-TEM and HR-XRD. Samples 
NW1 and NW2 were chosen for characterization in order to see the differences between NWs with preserved 
(NW1) and crystallized (NW2) Ga catalyst droplets.  
A photoluminescence (PL) study was conducted in order to see the effect of Ga droplet crystallization and 
NW size on the optical properties of the NWs. Power dependent micro-PL measurements were conducted at 
10 K temperature using as-grown samples. A 640 nm diode laser with excitation power densities ranging from 
0.1 to 960 W/cm2 was used. The excitation beam spot size was 20 μm meaning that several NWs were excited 
simultaneously. The PL signal was collected using a 1024x256 pixel CCD detector through a spectrometer. 
Spatial resolution in one of the lateral directions was obtained by defining pixel rows as individual tracks, 
while for the other lateral direction it was given by the slit placed in front of the spectrograph. The resulting 
spatial resolution was around 500 nm which allowed us to collect PL signal corresponding to an individual 
NW or few NWs. 
Results and discussion 
SEM images of samples NW1-NW4 are shown in Fig. 1. Fig. 1(a) represents sample NW1 that exhibits 
preserved Ga catalyst droplets; Fig 1(b)-(d) show samples NW2-NW4, respectively, which have crystallized 
droplets. The most prominent feature seen in the SEM images is the size uniformity of the NW arrays. This 
characteristic was further studied analyzing minimum of 20 NWs from each sample. The length and diameter 
data of the NWs including the standard deviations is shown in Fig. 2. The growth of NW diameter and length 
is linear and the NWs do not exhibit tapered morphology despite of the finite radial growth. The standard 
deviations of the NW length and diameter in sample NW1 are 1.2 % and 3.8 %, respectively. These 
distributions are similar [19] or even narrower [22] than the ones obtained via selective area growth. It is 
noteworthy that the standard deviation of the NW length is around 40 nm for all the samples. Hence, the 
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differences in the NW lengths are formed at very early stage of the NW growth and can be attributed to 
differences in reaching the supersaturation condition of different size Ga droplets [23]. 
In order to further investigate the evolution of NWs throughout the growth process, we determined the 
statistics for GaAs nanocrystal diameter in the template material (Fig. 3(a)), Ga catalyst droplet diameter 
after 60 s Ga pre-deposition (Fig. 3(b)), as well as NW and catalyst droplet diameters and NW length of sample 
NW1 with 60 min growth duration (Fig. 3(c) and (d)), respectively. The catalyst droplet diameters after Ga 
pre-deposition (Fig. 3(b)) were determined from an additional sample with only pre-deposited Ga droplets, 
which were grown on similar template as the NW samples. The densities of GaAs nanocrystal and pre-
deposited Ga droplets were determined and found to be equal, which indicates that a Ga droplet is present 
in all holes in the oxide layer. The standard deviation of the diameter increases in the very beginning of the 
growth process from 2.3 nm of the pre-deposited Ga droplets (Fig. 3(b)) to 3.8 nm of NWs grown for 5 min 
(NW4, Fig. 2).  On the other hand, it can be immediately seen from Fig. 3 that the size distribution remains 
remarkably narrow throughout the growth process. The diameter of the GaAs nanocrystals is 51 nm +/-4.9 
nm (Fig.3(a)). In the beginning of the second growth step they are thermally desorbed and replaced with Ga 
catalyst droplets having diameter of 41 nm +/-2.3 nm (Fig. 3(b)), indicating reduction of the diameter 
distribution between these two stages. This is most likely caused by slight asymmetries observed in the shape 
of the nanocrystals. It should be also noted that the uncertainty in assessing the feature sizes from SEM 
pictures is approximately 1-2 nm.  In Fig. 3(c) and (d), the distributions of NW diameter and length after 60 
min growth are compared to Poissonian distributions 
𝐹(𝐷, 〈𝐷〉) ∝ exp [−
(𝐷−〈𝐷〉)2
2𝑤〈𝐷〉
],     (1) 
and 
𝐹(𝐿, 〈𝐿〉) ∝ exp [−
(𝐿−〈𝐿〉)2
2ℎ〈𝐿〉
],      (2) 
where D and L are the NW diameter and length, 〈 〉 denote the mean values, and h and w are the ML 
thicknesses to the NW growth direction (111) and side facet (110) directions, respectively. The Poissonian 
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standard deviations σp for the diameter and length distributions are 5.3 nm and 37.5 nm, respectively. The 
diameter distribution (Fig. 3(c)) is almost Poissonian, whereas the length distribution (Fig3(d)) seems to be 
sub-Poissonian, thus  further demonstrating the homogeneity of the NW length distribution. The inset in Fig 
3(d) shows a positive correlation of 0.5 between the NW length and droplet diameters after 60 min NW 
growth.  
This data gives new insight into the NW growth kinetics on lithography-free oxide patterns. When the As 
cracker valve is opened, the droplets start to approach supersaturation and simultaneously compete for the 
amount of Ga with other droplets within the Ga diffusion length. At this point, the nearest neighbor distance, 
which is known to affect the NW diameters in site-selective growth [24], controls the Ga diffusion into the 
droplets. Simultaneously the Gibbs-Thompson (G-T) effect [23] allows the larger droplets to supersaturate 
and start nucleating at lower As concentrations thus elongating them faster which leads to the initial NW size 
distribution. Droplets have a tendency to self-equilibrate their size distributions in certain growth conditions. 
This is because the Ga adatom diffusion length along the NW sidewall starts to limit the growth rate of long 
NWs faster than for short NWs. This partially cancels the G-T effect, which is observed as the correlation 
between NW length and catalyst droplet diameter (Fig. 3 (c, d)), and could lead to constant length 
distributions throughout the whole NW growth as seen in Fig. 2 and 3(d) [24]. However, the self-equilibration 
process [25] offers only partial description of the growth kinetics of our NWs as it does not explain the finite 
sidewall growth. The linear growth of the NW length indicates that the growth occurs by random nucleation 
of monolayers, which is expected to induce Poissonian length distributions [26,27]. However, the length 
distributions seem to be sub-Poissonian, which has not been demonstrated before either for self-catalyzed 
or Au-catalyzed NWs. Moreover, demonstrations of even Poissonian length distributions are limited to Au-
catalyzed InAs NWs [28,29] making this the first demonstration of sub-Poissonian length distribution in 
epitaxial III-As NWs. The sub-Poissonian distribution is attributed to self-regulated growth caused by 
nucleation antibunching where the nucleation of each ML consumes a significant amount of group V species 
from the droplet inducing a temporal anticorrelation between the nucleation events. This allows growth in 
self-regulated mode, which is expected to result in sub-Poissonian length distributions. [26,30,31] The 
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constant and sub-Poissonian standard deviation of the NW length distribution indicates that the remarkable 
uniformity of the GaAs NWs grown on lithography-free Si/SiOx patterns is a result of (i) uniformity of the 
nucleation sites created by the DE of GaAs nanocrystals, spontaneous oxidation and thermal desorption, (ii) 
lack of secondary nucleation, and (iii) growth under self-regulation caused by nucleation antibunching. 
The crystal structure of NWs was studied by TEM to further understand the growth process. TEM images of 
a NW with preserved Ga droplets of sample NW1 are shown in Fig. 4. In the bottom part of the NW (Fig. 4(b) 
and (c)) a short, typically less than 150 nm long section of stacking faults and polytypism is observed. It is 
followed by a remarkably long, up to 2 μm, section of completely twin-free ZB GaAs (Fig. 4(d)). The phase 
pure ZB ends to a section with sparse twin planes until the top of the NW (Fig. 4(e)). Furthermore, a short 
WZ segment is found just under the Ga droplets. The disordered section in the bottom part of the NW is 
formed during the beginning of the NW growth, which may be related to Ga pre-deposition. This assumption 
is supported by other reports of NWs with similar base structure and rather long Ga pre-deposition times 
[19] and the absence of the stacking faults when NWs are grown without Ga pre-deposition, or short, under 
5 s Ga pre-deposition is used [17,32]. The 2 μm phase pure ZB segments show the excellent crystal quality of 
our NWs, even though longer ZB segments can be obtained by growing NWs under conditions which prefer 
growth of thinner NWs [33]. The twin plane formation after the phase pure ZB can be attributed to lateral 
NW growth. The contact angle between the Ga droplet and solid NW tip decreases towards 90 degrees and 
the spreading of the droplet over the edges of the NW tip reduces as the NW diameter grows. This is known 
to increase probability of nucleation at triple phase line which induces twin planes. Thus more and more 
twinning is seen in the uppermost part of the NW. [17, 34,35,36] The WZ segment under the catalyst droplet, 
as the one seen in Fig. 4, is a typical feature in self-catalyzed GaAs NWs. It is associated with the rapid change 
in growth conditions as the material fluxes are terminated [17, 34,37]. Some As species may still be present 
in the growth chamber after the Ga shutter has been closed as the As cracker needle valve operation is slower 
than the Ga shutter operation and group V materials are known to remain longer time periods in the growth 
chamber. This rapidly increases the local V/III-ratio at the droplet, which induces WZ formation in GaAs NWs 
[38]. Hence, this WZ segment is probably formed from the remaining As species after shutting the Ga flux. 
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TEM images of a NW with crystallized Ga catalyst droplet from sample NW2 is shown in Fig. 5. The bottom 
parts of the NWs with crystallized Ga droplets exhibit similar crystal structure to the ones with preserved Ga 
droplets, as expected. The NW section formed during the Ga catalyst droplet crystallization begins with a 
short section of stacking faults Fig. 5(b) and (c) that is followed by a 150 nm long section of pure WZ GaAs 
(Fig. 5(d) and (e)). A short section ~20 nm of ZB is found in the very end of the NWs (Fig. 5(e)). Similar 
characteristics are typical for self-catalyzed GaAs NWs with crystallized catalyst droplets [32,37,39]. Based 
on the TEM-analysis GaAs NWs grown on lithography-free Si/SiOx patterns exhibit typical characteristics of 
high-quality self-catalyzed GaAs NWs.  
HR-XRD was used to obtain statistically meaningful data of the NW crystal structure. HR-XRD spectra of the 
samples NW1-NW4 are presented in Fig. 6(a) and symmetric reciprocal space maps (RSMs) of samples NW1-
NW3 are shown in Fig. 6(b)‐(d), respectively. The Si(111) and ZB GaAs(111) reflections are clearly seen in all 
of the spectra, disregarding spectrum of sample NW4 which has too small NWs to gain adequate intensity 
from GaAs(111) reflection. The GaAs(111) reflections in Fig. 6(a) show some degree of broadening towards 
low omega-2theta direction which can be attributed to the presence of short period polytypism [40] at the 
lower part of the NWs as well as in the upper part of samples NW2 and NW3. In addition to the GaAs(111) 
reflection, a weak peak can be observed in the smaller omega-2theta side of the GaAs(111) reflection in the 
spectra of samples NW2 and NW3 (Fig. 6(a)). The existence of this reflection is confirmed by the RSMs of 
samples with crystallized Ga catalyst droplets (NW2 and NW3 in Fig. 6 (c) and (d)) and it is attributed to WZ 
GaAs(0002) reflection. Because the phase pure WZ segments in NW sections formed during droplet 
crystallization are 150 nm long the WZ reflection is assumed to be strain free which enables determination 
of WZ GaAs lattice constant c. We have obtained a WZ GaAs lattice constant c=6.5689 Å by comparing the 
WZ GaAs(0002) reflection with the  Si(111) reflection in RSM in Fig. 6(b) where WZ peak is most pronounced. 
This value is consistent with WZ GaAs lattice constant measured from Au-catalyzed WZ-GaAs NWs using 
asymmetric RSMs 6.5701 Å [41]. As a test of the accuracy of the method, we determined also the ZB GaAs 
lattice constant and obtained value of 5.6524 Å which deviates from the literature value [42] by only 0.015 
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%. These observations demonstrate that HR-XRD is a valuable tool for NW characterization providing 
complementary statistical information for TEM analysis performed for a small number of NWs per sample. 
Furthermore, the optical properties of the NWs were studied using low-temperature micro-PL in order to 
correlate them with the crystalline structure. Power-dependent micro-PL spectra of samples NW1-NW3 are 
shown in Fig. 7. The peak wavelength is between 840 nm and 855 nm, which is significantly redshifted with 
respect to bulk GaAs band edge emission (816 nm) at 10 K. The spectra are broadened to longer wavelength 
side and the amount of fine structure in the spectra seems to increase as the NWs get smaller (from Fig. 6(a)-
(c)). Possible reasons for the redshift are unintentional Si doping solute into the Ga catalyst droplet from the 
substrate [43], carbon or other impurity [44] or band bending due to NW surface oxidation [45,46]. The fine 
structure emission is most probably related to indirect and localized transitions at sections with polytypism 
and stacking faults [47,48]. The spectra obtained from sample NW1 shows least fine structure as it consists 
mostly of defect free ZB except for the short disordered section at the bottom of the NW and the few twin 
planes in the upper part of the NWs. Furthermore, samples NW2 and NW3 have equally long polytypic 
sections at their bottom and top parts but sample NW2 has 1.5 μm longer pure ZB section. Hence, the fine 
structure emission becomes more prominent when the relative amount of stacking faults increases in shorter 
NWs, or in other words, the pure ZB segments become shorter in relation to the charge carrier diffusion 
length. Thus, we are able to associate the characteristics of the micro-PL spectra to the crystal structure of 
the NWs. 
Conclusions 
Based on the structural and optical analysis presented in this work, we have shown that the lithography-free 
oxide patterns provide a suitable template for growth of high-quality GaAs NWs by Ga-catalyzed technique. 
The sub-Poissonian length distribution of our NWs is a demonstration of their remarkable uniformity, which 
is attributed to the uniformity of the nucleation sites, lack of secondary nucleation, and self-regulated growth 
mode. However, further experiments are required for forming a complete understanding of the sub-
Poissonian nature of the GaAs NWs grown on lithography-free oxide patterns. Furthermore, the HR-TEM and 
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HR-XRD studies revealed that the GaAs NWs grown on lithography-free oxide patterns exhibit high crystalline 
quality characterized by up to 2 µm long defect free ZB segments. The WZ segments formed during Ga 
catalyst droplet crystallization were used for the determination of lattice constant c=6.5689 Å which 
corroborates the previously presented value obtained for phase pure WZ NWs. The micro-PL results 
correlated with the NW crystal structure so that the amount of fine structure PL emission relates to the 
proportion of disordered sections in the NWs.  More generally speaking, our observations show that the non-
destructive micro-PL and HR-XRD techniques are valuable tools for the characterization of NW crystal 
structure and, in particular, provide complementary statistically significant data to support the TEM results. 
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Figure 1. SEM pictures of samples NW1-NW4 in (a)-(d), respectively. The scale bars are 1 μm in (a) and (b), 
and 200 nm in (c) and (d). 
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Figure 2. NW length (solid line) and diameter (dashed line) data of samples NW2, NW3, and NW4 presented 
with the standard deviations. 
 
Figure 3. Size distributions at different steps of the self-catalyzed GaAs NW growth on lithography-free 
Si/SiOx patterns. (a) Diameter of the GaAs nanocrystals grown on oxide free Si(111) by droplet epitaxy. (b) 
Diameter of the Ga catalyst droplets deposited in oxide free areas formed by thermal desorption of the GaAs 
15 
 
nanocrystals. (c) Diameter of the NWs with a Poissonian fit and Ga catalyst droplet diameters after 60 min 
growth of sample NW1. (d) NW length of sample NW1 with a Poissonian fit after 60 min growth. The 
measured and calculated Poissonian standard deviations are denoted by σ and σP, respectively. The inset in 
Fig. (d) shows the correlation between NW length and Ga catalyst droplet diameter. 
 
Figure 4. TEM images of sample NW1. (a) HR-TEM low magnification overview. (b) and (c) SAED pattern and 
HR-TEM micrograph of the disordered section at root of the wire, respectively. (d) SAED pattern of the pure 
ZB section. (e) SAED pattern of the twinned ZB section.  
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Figure 5. TEM images of sample NW2. (a) HR-TEM low magnification overview. (b) SAED patter and HR-TEM 
micrograph of the disordered section close to tip of the NW, respectively. (c) SAED pattern of the pure WZ 
section at the tip of the NW. (d) HR-TEM micrograph of the very tip of the NW. 
 
Figure 6. HR-XRD spectra of samples NW1-NW4 from top to bottom in (a) and reciprocal space maps of 
samples NW1-NW3 in (b)-(d), respectively.  
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Figure 7. Micro-photoluminescence spectra of samples NW1-NW3 in (a)-(c), respectively. The used excitation 
power densities vary from 0.1 to 96 Wcm-2 in (a) and (b), and from 1 to 960 Wcm-2. 
 
